Objective: To examine the association between sepsis and the long-term risk of seizures.
Results: We identified 842,735 patients with sepsis. The annual incidence of seizure was 1.29% (95% confidence interval [CI] 1.27%-1.30%) in patients with sepsis vs 0.16% (95% CI 0.16%-0.16%) in the general population (IRR 4.98; 95% CI 4.92-5.04). A secondary analysis using matched hospitalized patients confirmed these findings (IRR 4.33; 95% CI 4.13-4.55), as did a separate analysis of Medicare beneficiaries, in whom we found a similar strength of association (IRR 2.72; 95% CI 2.60-2.83), as we did in patients $65 years of age in our primary statewide data (IRR 2.83; 95% CI 2.78-2.88).
Conclusions:
We found that survivors of sepsis faced a significantly higher long-term risk of seizures than both the general population and other hospitalized patients. Our findings suggest that sepsis is associated with pathways that lead to permanent neurologic sequelae. Sepsis is a life-threatening inflammatory response to infection that causes organ dysfunction. 1 Neurologic complications during sepsis are common and include sepsis-associated encephalopathy, seizures, stroke, and neuromuscular disease. 2 Sepsis-associated encephalopathy is possibly the most common and has led to the recognition of long-term cognitive dysfunction after sepsis, [3] [4] [5] [6] while increasing use of continuous EEG has led to more widespread recognition of seizures in critically ill patients with sepsis. Animal models have suggested multiple possible causes for the development of these cerebral sequelae, including disruption of the blood-brain barrier 7 leading to an inflammatory response in the CNS, 8, 9 altered cerebral blood flow and metabolism, 9 apoptosis, 10 mitochondrial dysfunction, 11 and inhibition of neurovascular coupling. 12 In addition, patients with sepsis may be at risk of silent cerebral infarcts or kindling from nonconvulsive seizures. Despite these insights, it is not known whether survivors of sepsis continue to face an increased long-term risk of developing seizures after hospital discharge. We hypothesized that patients who survive a hospitalization for sepsis have a higher long-term risk of seizures and tested this hypothesis in a retrospective, population-based study using complementary sets of administrative claims data. 13 Each patient is assigned a personal linkage number that allows him or her to be followed anonymously through all subsequent hospitalizations.
14 Up to 25 discharge diagnoses, labeled as present before admission or developed during hospitalization, are coded at each encounter using the ICD-9-CM system. In addition, we performed a confirmatory analysis of the same exposure and outcome in Medicare beneficiaries. The US federal government's Centers for Medicare and Medicaid Services (CMS) provides health insurance to a large majority of US residents once they reach 65 years of age. CMS makes available to researchers datasets that lack identifiable patient information but include data on claims submitted by providers and hospitals in the course of Medicare beneficiaries' clinical care. 15 Each claim includes the dates of service and up to 25 ICD-9-CM diagnosis codes justifying the claim. Multiple claims for a given patient can be linked via a unique, anonymous identifier code, thus allowing for a comprehensive and longitudinal analysis of each beneficiary's care over time.
Standard protocol approvals, registrations, and patient consents. The institutional review board at Weill Cornell Medical College approved this study and waived the requirement for informed consent.
Participants. Participants in the statewide analysis. Using standard ICD-9-CM codes in an algorithm defined by Dombrovskiy et al., 16, 17 we used codes for sepsis plus those for organ dysfunction (table e-1 at Neurology.org) to identify all patients over the age of 18 who were hospitalized with sepsis in California, Florida, and New York. The Dombrovskiy et al. algorithm was initially designed for the identification of severe sepsis in population-based studies, but subsequent studies have shown that this algorithm most closely corresponds to the overall burden of sepsis in the United States as ascertained by chart-based studies. 18 Since we were interested in the long-term risk of newonset seizures after sepsis, diagnoses of seizure prior to or during the index sepsis hospitalization were excluded. To maximize longitudinal follow-up data, we excluded nonresidents of the 3 states listed. Finally, we excluded patients who died during the index hospitalization for sepsis.
Following the approach of prior studies on the long-term risk of epilepsy, 19 we compared the risk of seizures in those with sepsis vs the general population. Our estimates of the rate of seizures in the general population were based on discharge diagnoses of seizures from EDs and hospitals, divided by the time at risk and the total population as determined from publicly available demographic data from the 3 states included in this analysis. 20 This approach was made possible because these statewide data sources captured essentially all discharges in their respective states and because almost all patients with first-time seizures present for evaluation in a hospital or ED setting. 19, 21 In addition to comparing sepsis survivors to the general population, we performed an analysis comparing sepsis survivors to survivors of hospitalizations for another diagnosis besides sepsis. These patients were matched based on age, sex, race, insurance, length of stay, discharge location, year of hospitalization, state, and the presence of corresponding codes for organ dysfunction per the Dombrovskiy et al. algorithm (neurologic, respiratory, cardiovascular, renal, hepatic, hematologic, or metabolic). 22 Using New York data, which include a reliable indicator of admission to an intensive care unit (ICU), we performed an additional analysis also matched by (1) ICU status, (2) whether patients received mechanical ventilation, a useful surrogate of illness severity, and (3) Elixhauser comorbidities.
Participants in the Medicare analysis. We also assessed the relationship between sepsis and long-term seizure risk using inpatient and outpatient claims data from 2008 through 2014 from a nationally representative 5% sample of Medicare beneficiaries. In keeping with standard practice in analyzing Medicare data, 23 we limited our cohort to beneficiaries with continuous coverage in traditional fee-for-service Medicare (both parts A and B) for at least 1 year. Since Medicare eligibility generally begins at 65 years of age, we included only patients $66 years of age in order to allow time for beneficiaries to enter medical care and for their providers to document any preexisting comorbidities. Sepsis was identified using the same algorithm as in our statewide analysis, and we again excluded diagnoses of seizure prior to or during the index sepsis hospitalization, as well as patients who died during the index hospitalization for sepsis. The risk of seizures among sepsis survivors was compared to Medicare beneficiaries without sepsis.
Measurements. Outcomes. In the statewide data, our primary outcome was any ED visit or hospitalization for seizure, which we defined as any ICD-9-CM code for epilepsy (345.x), an approach that has previously been shown to have a positive predictive value ranging from 84% to 98% in adult patients. [24] [25] [26] In a sensitivity analysis, we also included in our outcome variable a less well-validated but commonly used ICD-9-CM code for convulsions (780.39). A secondary outcome was status epilepticus that resulted in hospitalization and was present at the time of admission. In the Medicare analysis, our outcome of seizure was defined as $1 inpatient claim with an ICD-9-CM code for epilepsy (345.x) or $2 such outpatient claims within 3 months of each other.
Covariates. When comparing the risk of seizures in those with sepsis vs the general population of California, Florida, and New York, we adjusted for age, sex, and race. In the matched analysis of those with hospitalization for sepsis vs hospitalization for another diagnosis, we additionally adjusted for state and year of hospitalization, insurance status, organ dysfunction (table e-1), length of stay, and discharge disposition. In a matched analysis of patients in New York, we additionally matched for ICU admission, mechanical ventilation (ICD-9-CM codes 96.7x 27 ), and Elixhauser comorbidities. 22 In the primary Medicare analysis, we adjusted for age, sex, and race. In a sensitivity analysis, we also used ICD-9-CM codes to identify and exclude patients with the following wellestablished risk factors for seizure: stroke, traumatic brain injury, CNS infection (meningitis, encephalitis, and brain abscess), and brain neoplasm.
Statistical analysis. We used standard descriptive statistics with exact confidence intervals (CIs) to report crude rates. Baseline characteristics were compared using the x 2 test and t test. Survival statistics were used to calculate incidence rates of seizure per 100,000 patients per year. Poisson regression was used to calculate incidence rate ratios (IRRs The annual incidence of seizures was 1.29% (95% CI 1.27%-1.30%) in patients with sepsis, as compared with 0.16% (95% CI 0.16%-0.16%) among the general population of California, Florida, and New York (IRR 4.98; 95% CI 4.92-5.04). By 8 years, the cumulative rate of any ED visit or hospitalization for seizure was 6.67% (95% CI 6.57%-6.78%) after discharge with sepsis, as compared with 1.27% (95% CI 1.27%-1.28%) in the general population (figure 1). The association between sepsis and subsequent seizure was strongest in those with concurrent neurologic dysfunction during hospitalization with sepsis (IRR 7.52; 95% CI 7.35-7.71), but it was also significant in those without documented neurologic dysfunction (IRR 4.53; 95% CI 4.47-4.59) (figure 2). Sepsis was associated with seizures in a sensitivity analysis that also included ICD-9-CM code 780.39 in the outcome variable (IRR 3.93; 95% CI 3.88-3.98). Sepsis was also associated with the secondary outcome of prehospital status epilepticus resulting in hospitalization (IRR 5.42; 95% CI 4.91-5.98).
Comparison with a matched hospitalized cohort. In a cohort of hospitalized controls matched to sepsis survivors based on demographics, discharge disposition, length of stay, and the degree of organ dysfunction, the annual incidence of seizures was 0.25% DISCUSSION We found that survivors of sepsis faced a significant long-term risk of developing seizures, with a risk that was approximately 5 times higher than the general population. Patients with sepsis had an increased long-term risk of seizures even compared to other hospitalized patients. The association between sepsis and seizures was strongest in patients with concurrent neurologic dysfunction, but even those without any documented neurologic deficits at the time of sepsis hospitalization were at an increased risk, raising the possibility that sepsis itself may represent a previously unrecognized seizure risk factor. Although prior studies have reported an increased risk of developing long-term cognitive dysfunction after sepsis, 5, 28 it remains unclear how much of this was due to preexisting cognitive impairment, frailty, and the lingering effects of sedative medications, as opposed to permanent structural brain injury. 29 The association we found between sepsis and subsequent seizures implicates sepsis in pathways of brain injury that in turn lead to long-term sequelae. Previous retrospective studies have found that 11%-16% of patients with severe sepsis have electrographic seizures on continuous EEG during their hospitalization, 30, 31 but they did not follow these patients beyond their hospitalization. Our study builds on these findings, demonstrating that patients with sepsis are at risk of developing seizures even after hospital discharge. In addition to shedding light on the natural history of sepsis, this represents a novel finding from a neurologic perspective, as a history of sepsis is not a currently recognized risk factor for seizures. 32 Our study has several limitations. First, we relied on ICD-9-CM codes to identify patients with sepsis and seizures, which may have resulted in Figure 1 Cumulative rates of seizures among survivors of sepsis hospitalization vs the general population Figure 2 Cumulative rates of seizures among survivors of sepsis hospitalization, with and without concurrent neurologic dysfunction, vs the general population misclassification of our exposure and outcome. We took care to use previously validated diagnosis codes for both sepsis and seizures. Furthermore, miscoding of sepsis or seizures would most likely be nondifferential and thus bias our study towards the null finding of no association between sepsis and seizures. Second, in our primary analysis, we were only able to identify seizures resulting in an ED visit or hospitalization. However, this is unlikely to have substantially affected our results. Most first-time seizures result in at least an ED visit or hospitalization 19, 21 ; in support of this, the overall incidence of seizures we found in the general population was in line with previous reports of seizure incidence. [33] [34] [35] [36] [37] [38] [39] [40] More importantly, our estimates of the association between sepsis and seizure were nearly identical when we analyzed Medicare claims that included data on outpatient diagnoses. Third, we lacked data on clinical characteristics such as sepsis severity, the characteristics of infections and treatments, and EEG and neuroimaging findings. Thus, we cannot relate the relative risk of seizures to these baseline measures. Fourth, patients with sepsis may have had other coexisting CNS pathologies that contributed to the development of seizures. However, this is unlikely to substantially explain our results because our findings were largely unchanged in a sensitivity analysis excluding patients with established seizure risk factors, namely stroke, traumatic brain injury, meningitis/encephalitis, and brain tumors. Other medical complications that are common in patients with sepsis, such as renal failure, may also have caused residual confounding. However, our findings were also essentially unchanged when patients with sepsis were compared to other similar hospitalized patients, including those who were matched based on illness severity, organ dysfunction, and comorbidities. Fifth, the association between sepsis and seizures may have been partially due to ascertainment bias, in that seizure episodes may have been more likely to be detected and documented in patients with recent sepsis-a group in close contact with medical providers-than the general population. However, we found a similar association between sepsis and out-of-hospital status epilepticus, a life-threatening form of seizures that is unlikely to suffer from ascertainment bias. Sixth, given the lack of data on medication use, we were unable to account for antiepileptic drug treatments that may have influenced the risk of developing seizures. It is possible that some patients may have been started on antiseizure prophylaxis at some point during or after their hospitalization for sepsis. However, such practice is unlikely to be common, and to the degree that it occurred, it would have led to an underestimation of seizure incidence after sepsis. On the other hand, some of the increased seizure risk after sepsis hospitalization may have been related to withdrawal of certain medicines such as benzodiazepine sedatives. However, we found an association between sepsis and seizures that persisted over many years, and this is unlikely to be accounted for simply by sedative withdrawal. Finally, given the difficulty of using ICD-9-CM codes to delineate recurrent events from carryover coding of prior events, we cannot conclude whether sepsis is associated just with a heightened risk of isolated seizures or also with recurrent seizures.
A growing body of evidence suggests that patients with sepsis are at risk of neurologic complications during their hospitalization. However, our findings support the hypothesis that sepsis is also associated with pathways that lead to long-lasting neurologic consequences, independent of clinically overt brain injury such as stroke or meningitis. These findings also raise the possibility that other acute systemic illnesses may be novel long-term seizure risk factors that have thus far gone unrecognized. Future investigations will be required to better understand the pathways underlying the long-term neurologic sequelae of sepsis and to determine their incidence, extent, and possible risk factors. Such knowledge may promote the development of brain-protective strategies that will help reduce the burden of this common disease.
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